Context: Fibroblast growth factor (FGF)23 is a critical determinant of phosphate homeostasis. The role of FGF23, however, in regulating physiologic changes in serum phosphate and renal phosphate handling across childhood is not well described. In addition, animal models have suggested a role for FGF23 in regulating renal calcium excretion.
F ibroblast growth factor (FGF)23, a secretory product of osteocytes, plays an integral role in phosphate homeostasis (1) . FGF23 signaling via FGF receptors and its coreceptor Klotho leads to downregulation of the two sodium-phosphate cotransporters in the proximal renal tubules, namely NPT2a and NPT2c, thus promoting urinary phosphate excretion (2) (3) (4) . In addition, FGF23 lowers serum concentrations of 1,25-dihydroxyvitamin D [1, 25(OH) 2 D] by both inhibiting 1-a-hydroxylase (CYP27B1) and stimulating the catabolic enzyme 24-hydroxylase (CYP24A1) (2) . FGF23 circulates in two forms, the intact, active form, and an inactive C-terminal fragment generated from regulated proteolytic cleavage (5) .
Several disease states stem from altered regulation of FGF23 production; elevated FGF23 concentrations lead to hypophosphatemic states, including X-linked hypophosphatemia, autosomal dominant and autosomal recessive forms of hypophosphatemia, and tumor-induced osteomalacia (6) (7) (8) . Conversely, low concentrations of or resistance to FGF23 leads to hyperphosphatemic tumoral calcinosis (9, 10) . However, the role of FGF23 in normal physiology is less well established.
Late childhood and adolescence provide a unique window into phosphate homeostasis as serum phosphate concentrations are physiologically higher in younger children and decrease steadily with increasing age through late adolescence (11, 12) . The reason for this pattern is unclear but may relate to the important roles of phosphate in growth plate development, bone matrix mineralization, and osteoblast maturation, all critical processes in childhood bone growth and modeling (13) . The factors driving this physiologic pattern remain poorly understood.
The objective of this study therefore was to investigate FGF23 concentrations, both intact and total (intact and C-terminal), across late childhood and adolescence in healthy girls to better understand their function and regulation in normal physiology. The study was limited to girls for analytic efficiency as the timing of the physiologic decrease in serum phosphate varies between girls and boys, similar and possibly related to differences in the timing of the onset of puberty (11, 12) . Our hypothesis was that FGF23 concentrations would be lower in younger children and would rise across late childhood and adolescence coincident with the decrease in serum phosphate.
Materials and Methods

Subjects
This was a cross-sectional investigation of clinical and biochemical predictors of intact and C-terminal FGF23 circulating concentrations in children. Healthy girls ages 9 to 18 years were recruited from the community via advertisements and mass mailings. Subjects were limited to girls due to hypothesized effects of puberty on circulating FGF23 and the differential timing and hormonal milieu of puberty in boys and girls. Subjects with a history of clinically significant cardiac, hepatic, gastrointestinal, renal, oncologic, or endocrine disease were excluded as well as subjects taking any bone-active medications (including vitamin D .1000 international units/day and hormonal birth control), subjects with a body mass index $99th percentile for age, and subjects with a fracture in the preceding 3 months. A screening visit was conducted, and subjects found to have abnormal thyrotropin (.7.0 or ,0.1 micro-international units/mL), diabetes mellitus (HgbA1c $6.5% or fasting plasma glucose $126 mg/dL), or anemia (Hgb ,11 g/dL) were additionally excluded. Of 109 subjects screened, 101 met eligibility criteria and 90 completed the study visit.
Subjects self identified race and ethnicity. This study was approved by the Partners Human Research Committee. Informed consent was obtained from subjects who were 18 years old and from a parent or guardian for subjects who were minors. Informed assent was obtained from minors. This trial was registered as NCT01180946 at ClinicalTrials.gov.
Clinical and biochemical investigations
A standardized physical examination including Tanner staging and anthropometric measurements was performed. Vitamin D and calcium intake were determined by dietary recall questionnaire. All blood samples were drawn in the morning in the fasting state, and urinary assays were performed on fasting second-voided samples. The renal tubular threshold for phosphate per glomerular filtration rate (TP/GFR) was calculated, as described (14, 15) . Serum intact FGF23 was measured by enzyme-linked immunosorbent assay (ELISA) (Kainos, Tokyo, Japan) with a sensitivity of 3 pg/mL and intra-and interassay coefficient of variations (CVs) of #3% and #4%, respectively. Plasma C-terminal FGF23 was measured by ELISA (Immutopics, San Clemente, CA) with a sensitivity of 1.5 relative units (RU)/mL and intra-and interassay CVs of #3% and #5%, respectively. The 25-hydroxyvitamin D (25OHD) was measured by liquid chromatography-tandem mass spectrometry with a lower limit of detection of 6 ng/mL and an interassay CV of 6% to 9%. The 1,25-dihydroxyvitamin D (1,25(OH) 2 D) was measured by column chromatography, followed by radioimmunoassay (LabCorp, Burlington, NC). Parathyroid hormone (PTH) was measured by chemiluminescent immunoassay (Beckman Coulter, Brea, CA) with a sensitivity of 1 pg/mL and intra-and interassay CVs of 3% and 6%, respectively. Propeptide of type I procollagen (P1NP) was measured by radioimmunoassay (Orion Diagnostica, Espoo, Finland) with a sensitivity of 2 mcg/L and intra-and interassay CVs of 6% to 10%. C-terminal telopeptide of type I collagen (CTX) was measured by ELISA with a sensitivity of 0.02 ng/mL and intra-and interassay CVs of 3% and 11%, respectively (Immunodiagnostic Systems, Boldon, UK). Insulin-like growth factor-1 (IGF-1) was measured by ELISA (Immunodiagnostic Systems) with a sensitivity of 3.1 mcg/L and intra-and interassay CVs of 7%. Urine calcium was measured by colorimetric assay and urine creatinine by kinetic assay. Corrected calcium (mg/dL) was calculated as [total calcium (mg/dL) + 0.8 3
Imaging DXA imaging of the whole body less head and of the lumbar spine was obtained (Hologic QDR Discovery A, Bedford, MA). The z scores were generated using Hologic Apex 3.3 software and were adjusted for height z score, as described (16) .
Statistical analyses
We used Stata 12.1 (StataCorp LP, College Station, TX) for all analyses. The Shapiro-Wilk test for normality was performed for all continuous variables. Clinical and laboratory data are reported as mean 6 standard deviation, except as noted. We used linear regression to assess the associations of clinical and biochemical variables. We used multivariable linear regression to control these associations for age as well as to generate a multivariable prediction model for intact FGF23 concentrations, including all variables found to be significantly associated in univariate correlations, as well as variables thought to be biologically significant. Correlations with a P value of ,0.05 are reported as significant. This was an exploratory data analysis, and thus no formal power calculations were performed. A post hoc analysis demonstrated that, with a sample size of 90 and a null hypothesis of no correlation, we had 80% power to detect a correlation coefficient R of at least 0.3 with a P value of ,0.05. Table 1 describes the 90 girls in this study, with a median age of 14.0 years. Median bone age was slightly higher at 15.0 years, consistent with secular changes in bone age advancement (17) . The racial and ethnic distribution reflected that of the Boston area. Height and weight were similar to population reference values, as reflected in the respective z scores. We measured circulating concentrations of calcium, albumin-corrected calcium, phosphate, and other key factors in mineral metabolism as well as measures of urinary excretion of calcium (urine calcium/creatinine ratio), phosphate (TP/GFR), and sodium (urine sodium/creatinine ratio). As expected, several of these varied with age: in particular, serum calcium, phosphate, 1,25(OH) 2 D, TP/GFR, and urine sodium/creatinine decreased with age, whereas serum creatinine increased with age, but remained within the age-specific normal range. IGF-1 had an inverted U-shaped relationship with age with a peak at approximately (18) . Of these, none had a PTH concentration outside of the normal range, although one subject with a 25OHD of 20 ng/mL had an elevated PTH of 80 pg/mL. Intact FGF23 was normally distributed with a mean of 42.1 pg/mL, whereas C-terminal FGF23, which includes both intact and the C-terminal fragment, was mildly right skewed with a mean of 102.4 RU/mL and a median of 89.3 RU/mL.
Results
Subject characteristics
Correlations of measures of phosphate homeostasis with FGF23 Figure 1 (a) and 1(b) shows scatterplots of serum phosphate concentration and of TP/GFR with age.
Consistent with previous reports, we observed a significant decrease of both phosphate and TP/GFR with increasing age. Contrary to our hypothesis, neither intact nor C-terminal FGF23 varied with age, as shown in Fig. 1 (c) and 1(d). Intact FGF23 did not correlate with serum phosphate nor with TP/GFR, as shown in Fig. 1(e) and 1  (f) . Similarly, C-terminal FGF23 did not correlate with either serum phosphate (R = 0.01, P = 0.898) or TP/GFR (R = 0.02, P = 0.865).
Associations of FGF23 with other measures of mineral ion homeostasis
As shown in Fig. 2 (a) and 2(b), intact FGF23 was positively correlated with 25OHD and negatively correlated with 1,25(OH) 2 D. Unexpectedly, intact FGF23 was also positively correlated with serum calcium and negatively correlated with the fasting urinary calcium/ creatinine ratio, as seen in Fig. 2 (c) and 2(d). We did not detect any correlation between intact FGF23 and calcium intake (R = 0.16, P = 0.123). Of note, we did not observe significant correlations of calcium intake with either serum calcium (R = 0.12, P = 0.250) or fasting urinary calcium/creatinine (R = 0.10, P = 0.376).
One subject was incidentally noted to have a mildly elevated serum calcium of 10.8 mg/dL with a corresponding albumin-corrected calcium of 10.3 mg/dL; after exclusion of this outlier, the correlation of intact FGF23 and serum calcium remained significant (R = 0.34, P = 0.001). These analyses were repeated with albumin-corrected calcium in place of total calcium, and the observed correlations were very similar (association with intact FGF23: R = 0.38, P , 0.001, after exclusion of outlier: R = 0.35, P , 0.001).
Intact FGF23 was not associated with PTH (R = 20.08, P = 0.460). C-terminal FGF23 was not associated with 25OHD, 1,25(OH) 2 D, serum or urine calcium, and PTH. Intact FGF23 was not associated with IGF-1 in the complete cohort (R = 0.14, P = 0.184). In a post hoc analysis, intact FGF23 was associated with IGF-1 in the pubertal and postpubertal girls (R = 0.27, P = 0.016, n = 78), but not in the prepubertal girls (R = 20.21, P = 0.517, n = 12). There were no correlations of intact or C-terminal FGF23 with P1NP or CTX in the full cohort nor after stratifying by pubertal stage.
Associations with DXA measures of bone mineral content and density Because FGF23 has been positively correlated with bone turnover markers in a cohort of younger children (19) and has been demonstrated to impair bone mineralization in vitro (20, 21), we investigated whether circulating concentrations were associated with measures of bone mass and density. Neither intact nor C-terminal FGF23 correlated with total body less head bone mineral content height-adjusted z score (R = 0.06, P = 0.560 and R = 0.01, P = 0.923, respectively) or with spine bone mineral density height-adjusted z score (R = 0.00, P = 0.977 and R = 0.01, P = 0.914, respectively).
Adjusted correlations of intact FGF23
Given that several metabolites vary physiologically with age, as described previously, we investigated whether FGF23 was associated with these metabolites after adjusting for age. As shown in Table 2 , the correlations of intact FGF23 with 25OHD, 1,25(OH) 2 D, serum calcium, albumin-corrected serum calcium, and urine calcium/creatinine ratio persisted after adjustment. In addition, after adjustment for age, we found a positive correlation of FGF23 with serum creatinine.
We next created a multivariable prediction model for intact FGF23 entering those factors found to be 
Predictors of urinary calcium excretion
Given the significant negative correlation of intact FGF23 with fasting urinary calcium, we investigated the correlation of other potential determinants of urinary calcium. As shown in Table 3 , we found a significant correlation with urinary sodium and a significant inverse correlation with serum PTH. We did not find correlations with serum calcium (total or albumin corrected), 1,25(OH) 2 D, or calcium intake. We next created a multivariable prediction model for fasting urine calcium/creatinine, entering those factors found to be correlated on univariate analyses (intact FGF23, PTH, and urine sodium). Each of these factors remained independent predictors in this model.
Discussion
Contrary to our initial hypothesis, in this cross-sectional study of 9-to 18-year-old girls, we did not observe any age-related changes in intact FGF23 nor in C-terminal FGF23 despite observing the expected decline in serum phosphate. In addition, we did not observe any correlation of either form of FGF23 with serum phosphate concentrations or urinary phosphate handling. Notably, TP/GFR, a measure of the renal tubular threshold for phosphate reabsorption, decreased with age, consistent with the previously described physiology that changes in serum phosphate are consequent to alterations in renal phosphate handling. As neither FGF23 nor PTH, the two major hormones promoting renal phosphate excretion, demonstrated age-related changes in concentration, these data suggest that these phosphatonins, rather than being the primary determinants of serum phosphate and renal phosphate excretion, serve to defend a phosphate set point determined by other factors.
The lack of correlation of intact FGF23 with serum phosphate in our cohort is consistent with the findings of a large cohort study of older men (22) . In contrast, in a large cohort of premenopausal women, the authors found a significant, although weak, correlation of intact FGF23 with serum phosphate (r = 0.12 to 0.16) (23). Similar weak but significant correlations have also been seen in pediatric populations (19, 24) . In particular, Gkentzi et al. (24) , in a study of 159 children aged 2 to 18 years, found that both intact and C-terminal FGF23 were positively associated with both serum phosphate (r = 0.18 and r = 0.24, respectively) and tubular maximum reabsorption of phosphate/GFR (r = 0.29 and r = 0.31, respectively), although they did not observe an association of either form of FGF23 with age. Of note, both intact and C-terminal FGF23 concentrations were substantially higher, and 25OHD concentrations were substantially lower in the children in our cohort, possibly related to dietary and other environmental differences between the United States and Greece. In addition, our cohort was limited to preadolescent and adolescent girls, whereas Gkentzi et al. (24) studied both boys and girls with a wider age range. These factors may contribute to the discrepancies in observed correlations between phosphate and FGF23.
Consistent with its known effects to decrease the synthesis and increase the catabolism of 1,25(OH) 2 D, we observed a negative correlation of intact FGF23 with 1,25(OH) 2 D in this cohort, although no correlation with C-terminal FGF23 (2, 25) . Similar correlations have been reported previously in adults (23, 26) . In contrast, Gkentzi et al. (24) did not observe any correlation of these (29, 30) , an increase in 25OHD may provide increased substrate for local production of 1,25(OH) 2 D with autocrine and/or paracrine effects on FGF23 production; this effect may differ in populations with differing distributions of circulating 25OHD concentrations. Our results are consistent with a previous report from our group demonstrating that highdose vitamin D treatment of subjects with low circulating 25OHD leads to increases in circulating FGF23 (31) . We observed an initially unexpected negative relationship of intact FGF23 with urinary calcium excretion. Emerging data in rodent models however demonstrate that FGF23, in addition to its effects on renal phosphate handling, also plays a critical role in renal handling of other ions, including calcium and sodium (32) . In particular, deletion of FGF23 in a mouse model leads to an ;75% decrease in the fully glycosylated transient receptor potential vanilloid-5 (TRPV5) calcium channel at the apical membrane of distal tubule cells, with an associated ;75% increase in urine calcium excretion (33) . Conversely, injection of recombinant FGF23 to wild-type mice leads to upregulation of TRPV5 and a profound reduction of urinary calcium excretion (33) . Clinical studies have also hinted at a relationship of FGF23 with calcium homeostasis in human physiology. Consistent with our observations, a negative correlation of FGF23 concentrations and both fractional excretion of calcium and 24-hour urinary calcium excretion was recently reported in a large cohort of adults with normal renal function, although only C-terminal FGF23 was assayed in that study (34) . In a Gambian cohort of children with dietary calcium deficiency-induced rickets, FGF23 concentrations were quite elevated and decreased with dietary calcium treatment over 1 year, although remained higher than those of control children (35) . Interestingly, in this cohort, serum calcium was within the reference range and not different from control subjects despite dietary calcium intake of only ;200 mg/d, perhaps due to the effect of FGF23 to enhance renal calcium reabsorption and maintain normocalcemia. As expected, we found serum PTH and urine sodium excretion to be additional significant predictors of urinary calcium excretion. Notably, in our multivariable model, each of these determinants remained significant with fairly minimal changes in the estimated effect size, suggesting that they operate by independent mechanisms. The independence of PTH and FGF23 in particular is consistent with the model proposed by Andrukhova and colleagues (36, 37) in which FGF23 leads to increased TRPV5 at the apical membrane of distal tubule cells, which is subsequently phosphorylated and activated under the influence of PTH. The absence of observed association of urine calcium with total calcium intake is most likely due to the small size of this cohort, given that the previously reported correlations under normal environmental conditions are of very small magnitude, particularly in pediatric subjects (38, 39) .
The positive association of FGF23 with serum calcium was also unexpected. This relationship may be secondary to increased renal reabsorption leading to higher serum calcium. However, data from other studies suggest that circulating calcium may have a direct effect on FGF23 (40) (41) (42) (43) . In addition, normalization of serum calcium by increased dietary calcium in these models leads to increases in FGF23 (40) (41) (42) (43) . Conversely, patients with elevated serum calcium in the setting of primary hyperparathyroidism were shown in one study to have elevated FGF23 concentrations, even after controlling for PTH (44) . In addition, in patients with renal disease, FGF23 is positively associated with serum calcium and with use of calcium-based phosphate binders (45, 46) . However, in the aforementioned cohort of adult patients with normal renal function, there was no association of serum calcium with FGF23 (34) . The effect of serum calcium to regulate FGF23 is most likely a chronic rather than an acute effect, as Wesseling-Perry et al. (47) demonstrated that acute changes in serum calcium by infusions of calcium gluconate (to raise serum calcium) and of sodium citrate (to lower serum calcium) had no effect on circulating FGF23 over 2 hours, whereas PTH concentrations changed rapidly. A direct effect of serum calcium to stimulate FGF23 is surprising in light of the increasingly well-established role of FGF23 to enhance urinary calcium reabsorption and would seem to generate an unusual positive-feedback loop. These effects, however, may be better understood when considered in light of the related known negative- Our study had several strengths, including a wellphenotyped cohort of healthy pediatric subjects with a physiologically wide range of serum phosphate concentrations. In addition, we measured both intact and C-terminal FGF23, allowing us to more thoroughly investigate the relationships of FGF23 with bone mineral ions and regulatory hormonal networks. There were also some limitations. Our study is cross-sectional; a longitudinal intraindividual investigation of serum phosphate and FGF23 might have brought out a more subtle relationship. We did not have measures of dietary phosphate intake in part due to known imprecision regarding phosphate content in nutritional databases (49) . Our study was limited to girls given the differences in serum phosphate between boys and girls and should thus be repeated in boys to investigate whether alterations in the sex steroid milieu affect FGF23 regulation (50) . Given the relatively small sample size, we did not perform subgroup analyses in subjects of different ethnic backgrounds. In addition, we did not measure soluble Klotho, which may play a role in FGF23 regulation as well as a direct role in distal tubule TRPV5 regulation (51) . Furthermore, a 24-hour urine collection rather than a fasting spot urine calcium/creatinine ratio would have provided a more complete assessment of urinary calcium handling during both fasting and postprandial states (52) .
In summary, in our cohort of healthy girls, the agerelated decline in TP/GFR was associated with the decline in serum phosphate concentrations, but we observed no age-associated change in either intact or C-terminal FGF23. These data suggest that FGF23 is not a major determinant of the phosphate set point, but rather serves to maintain serum phosphate at the set point established by other factors. In contrast, intact FGF23 was associated with serum calcium and negatively associated with urinary calcium excretion. These data confirm and extend data from rodent models and from cohorts of both healthy adults and children and adults with disorders of mineral metabolism. Further longitudinal studies in varied physiologic states are needed to more clearly elucidate the complex and interdependent regulatory networks maintaining calcium and phosphate homeostasis.
